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Water front structures have suffered significant damage in many of the recent earthquakes. One of the primary causes for the poor 
performance of these classes of structures is the liquefaction of the foundation soil and in some instances liquefaction of the backfill 
soil. The liquefaction of the soil in-front of the quay wall tends to cause large lateral displacements and rotation of the wall. Full or 
partial liquefaction of the backfill can result in the increase of lateral earth pressure exerted on the wall that can cause additional lateral 
displacement of the wall. In this paper numerical analyses of a gravity wall type water front structure will be considered. Often such 
gravity walls are placed on rubble mound that is deposited onto the sea bed. The problem will be based on a generic model although 
the simplifications in the generic model were derived based on observed failures of quay walls following the 1995 Kobe earthquake. 
The paper presents finite element analyses of such a problem in which strength degradation of the foundation soil and the backfill 
material will be modelled using PZ mark III constitutive relationship. At the Port and Airport Research Institute (PARI) in Japan the 
possibility of using tyre chips from used car tyres as the backfill material is being researched using 1G underwater shaking table and 
dynamic centrifuge modelling. The finite element analyses will be repeated by including a zone of backfill consisting of the tyre chips. 
The properties of this material will be derived from the element tests carried out at PARI. Finally the results from the analyses of the 
gravity wall founded rubble mound with liquefiable foundation soil and backfill will be compared to those with tyre chip backfill. The 
improvement in the performance of the wall in terms of decreased lateral displacements and/or reduction in the rotation suffered by 





Performance of water front structures such as gravity type 
quay walls, vertically composite structures, flexible retaining 
walls, anchored bulk heads etc under earthquake loading is 
always a source of anxiety. Many recent earthquakes such the 
Northridge earthquake of 1994 in Los Angeles, USA, the 
Aegion earthquake in 1995 in Greece, Kobe Earthquake of 
1995 in Japan and the Bhuj earthquake in India in 2001 have 
demonstrated the damage that can be suffered by water front 
structures. In Fig.1 an example of such damage is presented. 
The area behind a quay wall in Taichung Harbour suffered 
extensive settlements following earthquake induced 
liquefaction following the 921 Ji-Ji earthquake in Taiwan, 
Madabhushi (2007). This led to severe damage to the 
supporting structures behind the quay wall. 
 
In this paper, the seismic performance of quay walls of the 
gravity type quay walls placed on rubble mound will be 
investigated using Finite Element (FE) analyses in the time 
domain. Performance of such walls is being investigated at 
Ports and Airports Research Institute (PARI) in Japan using 
models mounted on underwater shaking table and using 
dynamic centrifuge modeling. This paper will present Class A 
predictions of such models, i.e. the FE analyses were carried 
out knowing the cross-section and the material properties but 
without the knowledge of the centrifuge or shaking table test 
data, in the spirit of VELACS project, Arulanandan and Scott 
(1994). Two types of analyses will be discussed. In the first 
analyses the boundary value problem of quay wall placed on 
the rubble mound will be analyses subjected to two types of 
earthquake motions. In the second type of analyses the 
boundary value problem will be modified to include the zone 




QUAY WALLS ON RUBBLE MOUND 
 
Gravity type quay walls are often constructed by placing a 
layer of rubble mound on the foundation soil layer. Many 
examples of such walls exist in Japan and elsewhere. Under 
earthquake loading such walls have suffered significant 
damage in terms of settlement and rotation, often attributed to 
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the liquefaction of foundation soil strata and the backfill 
liquefaction. A typical cross-section was derived based on the 
field cases as presented in Fig.2 assuming plane strain 




Fig.1 Liquefaction induced settlement behind a quay wall in 
Taichung harbour following the 921 Ji-Ji earthquake 
 
Two specific cases are investigated in this paper. In the first 
case all of the backfill is composed of sandy soil. In the 
second case a zone of improvement in the form of tyre chips 
was introduced behind the caisson. Hazarika et al (2005) have 
investigated the drainage capabilities and cushioning effects of 
the tyre chip material. In addition Hazarika et al (2006) also 
investigated the interface characteristics of tyre chip material 




FINITE ELEMENT DISCRETISATION 
 
The finite element method is a well-established technique that 
is used to solve problems in geotechnical earthquake 
engineering. For solving the problem of flexible retaining 
walls with saturated backfill, the effective stress based FE 
code SWANDYNE was used, Chan (1988). This is a fully 
coupled code that uses solid phase displacement-fluid phase 
pore pressure (u-p) formulation and therefore solve the Biot’s 
equations for a two-phase medium. This formulation is 
described in detail by Madabhushi and Zeng (1998) and 
therefore not repeated here for brevity. The FE analyses were 
carried under plane strain assumptions as these closely match 
the centrifuge model. The FE discretisation was carried out to 
match the dimensions in Fig.2. The discretisation was carried 
out in five distinct zones. The sandy soil was simulated using 
material models outlined below. The quay wall was modeled 
as elastic model with material properties chosen for concrete. 
Standard slip elements were used at all interfaces between the 
soil and quay wall with interface friction angles matched from 
the material properties determined by Hazarika et al (2006). 
The sea water was not modeled in the analyses, instead the 
fluid pressure is applied to the surface nodes on the seaward 
side and onto the left hand edge of the quay wall in the form 
of nodal forces obtained by integrating the fluid pressure on 
the finite elements. 
  
The FE elements used for the container wall, its base and the 
sheet pile wall were 8-noded iso-parametric elements with 9 
Gauss points for stress integration. The reason for choosing 
these higher order elements is to get easy convergence. The 
FE elements used for the saturated sandy soil and the slip 
elements had 12 nodes (8 solid nodes and 4 fluid nodes giving 
20 degrees of freedom per each element). In total there were 
550 elements in the FE mesh, 6218 nodes and 9328 degrees of 
freedom after allowing for the restraints. The FE discretisation 
for saturated case is finer to satisfy the minimum element size 
and time step criteria for liquefaction analyses proposed by 





The two main constitutive models used for the soil elements in 
the FE analyses are described below. The constitutive model 
used for the model container and the quay wall was linear 
elastic with appropriate values of Young’s modulus and 
Poisson ratio.  In using SWANDYNE, the initial static stress 
state in the soil needs to be established. In addition it 
necessary to establish the static equilibrium of the gravity 
quay wall prior to applying the earthquake loading. For this 
initial static run the Mohr Coulomb model was used. In 
SWANDYNE this is implemented with a non-associated flow 
rule which is more suitable to sandy soils. The model 
parameters for the Mohr-Coulomb model used during the 
analysis are presented in Table 1. These parameters were 
determined from the element test data provided by Hazarika et 
al (2005).  
 
In order to capture the cyclic behaviour of saturated sand the 
P-Z Mark III model that was developed by Pastor et al (1985) 
was used. This model was used by several researchers to study 
earthquake induced excess pore pressure generation in 
saturated sands, for example, Chan et al (1994), Madabhushi 
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and Zeng (1998, 2006 & 2007), Dewoolkar et al (2001), 
Ghosh and Madabhushi (2003). The P-Z Mark III model is a 
generalized plasticity-bounding surface model that 
accommodates non-associated flow rule. The model is 




























where p′ = mean confining stress; q = deviatoric shear stress; 
Mg = slope of the critical state line; αg = constant and pg =  
size parameter. The same type of function described in Eq.3 
above is assumed for the yield surface. The parameter Mg is 
obtained from the angle of friction φ′ of the soil and Lode’s 







′=gM   (4) 
 
To find the value of Mg at different values of θ, the value of 
sinφ′ is assumed to be constant. When θ=π/6, Mg is taken as 
Mgc, which is obtained from the triaxial compression tests 
reported by Jeyatharan (1991).  The dilatancy of sand in the P-
Z Mark III model is approximated using the linear function of 
the stress ratio η=q/p′ as suggested by Nova and Wood (1982) 
as 
 ( )( )ηα −+= gg Md 1   (5) 
 
The direction of the plastic flow is defined by means of a unit 
normal, ng, given as 
 










 for loading,   (6) 
 









}  for unloading,  (7) 
 
where s = 1 during compression; and s = -1 during extension. 
The P-Z model includes the non-associated flow by separating 
the yield surface and the plastic potential surface. The yield or 
bounding surface F is assumed to have a form similar to that 
of the plastic potential surface G, but has different parameters 
Mf, αf, and pf, instead of Mg, αg, and pg. Therefore Eqs. 5 to 7 
can be written for the yield surface using these parameters. In 
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Table 1. Parameters for Mohr-Coulomb Five model used in 
the static analyses 
 
Parameter Symbol Value 
Young’s 
Modulus 
E 178 MPa 




c′              10 Pa 
Work hardening 
modulus 
H              600 
Friction angle φ              33o
Switch to select 
yield criterion 
NCRIT 
NCRIT=1        ⇒               
Tresca 
NCRIT=2        ⇒         
Von Mises 
NCRIT=3        ⇒  Mohr-
Coulomb 




NCRIT=3    
⇒  Mohr-
Coulomb 
Dilatancy Angle δ 2o
Switch to select 




NYOUNG=0          ⇒   
no variation 
 NYOUNG=1          ⇒   
specified by α 
NYOUNG=2          ⇒   
linear 








Stress level at 
which moduli 
are prescribed 





∫= pqdεε   (12) 
 
where Ho, βo, and β1 are model parameters; and = plastic 
deviatoric strain increment. The undrained triaxial tests predict 
rapid pore pressure build up on unloading. This highlights the 
necessity to predict plastic strains on unloading by the 
p
qdε
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constitutive model. In P-Z Mark III model the following 










⎛=   (13) 
 
where ηu = stress ratio at which unloading takes place; and Huo 
and γu are model parameters.  
The model parameters for the P-Z Mark III model used during 
the analyses presented in this paper are presented in Table 2. 
These parameters were determined from the element test data 
provided by Hazarika et al (2005).  
 
 
 Table 2. Parameters for P-Z Mark III model used in the 
dynamic analyses 
 
Description of the parameter Symbol Value 
Permeability k 6.6 × 10-5 
m/s 
Dry density γd 14.1 kN/m3
Void ratio e 0.886 
Critical state friction angle φ′ 33o
Slope of the critical state line 
(CSL)  
for plastic strain vector 
Mg 0.75 
Slope of the CSL for loading 
vector 
Mf 1.15 
Parameter to determine dilatancy  
using stress ratio 
αg 0.45 
Parameter to determine the 
dilatancy  
for the plastic strain vector 
αf 0.45 
Plastic modulus on loading Holoading 200 
Plastic modulus on unloading Hounloading 4.0 × 108
Parameter for plastic deformation  
during unloading 
γHu 2 
Parameter for plastic deformation  
during reloading 
γDM 0 
Shear hardening parameter 1 βo 4.2 
Shear hardening parameter 2 β1 0.2 
Size parameter 1 pf 1.2 
Size parameter 2 pg 1.6 
 
 
FE ANALYSES OF THE BENCHMARK PROBLEM WITH 
NO SOIL IMPROVEMENT 
 
In this section the results from the FE analyses will be 
considered for the case of the whole backfill material 
consisted of saturated sand i.e. no improvement case. As 
explained earlier two types of input motions will be 
considered. The first would be the Kobe earthquake motion 
recorded at the Port Island site with a peak horizontal 
acceleration of 0.62g applied at the bed rock level shown in 
Fig.2. The second type of motion will be sinusoidal motion 
often used in dynamic centrifuge tests in Cambridge. This 
motion was used to investigate the effects of more number of 
powerful cycles present in the input motion but with smaller 
acceleration amplitude. This motion has been scaled to give a 
peak horizontal acceleration of 0.30g at the field scale.  
 
 
Horizontal displacement of the quay wall 
 
From a performance perspective, the most important 
parameter for a gravity quay wall is its horizontal and vertical 
displacements following an earthquake. In Fig. 3 below the 
horizontal displacement time histories suffered by the wall are 
presented at two nodes identified in Fig.2. The rotation of the 
wall is computed using these and shown in Fig.3.  
 
 
Fig.3 Horizontal displacements and wall rotation for all 
backfill case – Kobe input motion 
 
For a Kobe input motion described above, it can be seen from 
Fig.3 that the gravity quay wall would suffer a horizontal 
displacement at base of the wall of about 0.31 m. At the top of 
the wall the horizontal displacement is 0.45m owing to the 
rotation suffered by the wall. A similar analysis using the 
sinusoidal input described earlier was also carried out. The 
horizontal displacements predicted from this analysis are 
presented in Fig. 4. It can be seen from this figure that the 
horizontal displacement suffered by the wall at the base and at 
the top are 0.06 m and 0.04 m respectively. These are much 
smaller than those for Kobe input motion, as the peak input 
acceleration in this case was only half of Kobe motion. Note 
that residual horizontal displacements are less than half of 
those for Kobe, thereby suggesting that the horizontal 
displacements change non-linearly with the magnitude of 
input accelerations. Also note that rotation in this case was 
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Vertical settlement of the quay wall and soil 
 
In addition to the horizontal displacements, the vertical 
settlement of the quay wall and the surrounding soil play an 
important role in determining the overall performance of the 
wall. The vertical settlement at two nodes on the top of the 
wall, nodes 369 and 372 are presented in Fig.5 below for Kobe 
motion. While the left edge of the wall (node 369) suffers a 
continuous downward settlement of 0.12m, the right edge 
(node 372) suffers some settlement initially of 0.02m and then 
starts to rise up towards the end of the earthquake. This 
suggests that the quay wall is suffering rotation as well as 
settlement. This is also confirmed by the deformed mesh 
plotted later in Fig.8. The vertical settlement at node 438 in 
the backfill is shown in Fig.5. Node 8 is a surface node at the 
toe of the wall just outside the rubble mound. This node 
suggests a heave of about 0.03 m following the earthquake, 
which seems reasonable given the settlement and rotation 
mechanism of the wall.   
Fig.4 Horizontal displacements and wall rotation for all 
backfill case – Sinusoidal input motion 
 
The vertical settlements of the wall suffered during the 
sinusoidal earthquake described above are presented in Fig.6. 
The left edge of the wall in this case suffers a settlement of 
0.02m while the right edge suffers a much small, but 
continuous settlement of 0.004m. Both these values are 
smaller than those observed with Kobe input motion. Further 
the rotation of the wall is also much smaller in this case, as 
seen earlier in Fig.4. It can be concluded that with the 
sinusoidal input motion, the horizontal and vertical settlements 
are much smaller, owing to the smaller magnitude of the input 
motion and despite more number of load cycles in this 
earthquake.  
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Structural accelerations of the quay wall 
 
The horizontal structural acceleration-time histories obtained 
from nodes at the base and top of the wall (Nodes 401 and 369 
respectively) are presented in Fig. 7 along with the base input 
motion. From this figure it can be seen that very little 
amplification of the horizontal acceleration occurs in the 
actual wall structure. This suggests that although the quay wall 
is suffering horizontal displacement and vertical settlement 
and rotation, the effect of these on the dynamic response of the 
wall are not significant. In other words, the wall suffers the 
settlement and rotation relatively gradually in a way that does 
not change the acceleration response of the wall. 
 
Pore water pressures 
 
The total pore water pressure contours are plotted at different 
time instants and presented in Fig.8 for the case of Kobe 
earthquake input motion. The first plot shows the initial 
hydrostatic pore water pressures before the start of the 
earthquake loading. As expected these are all horizontal with 
contours of increasing magnitude as we go deeper from the 
surface. The second plot shows the pore pressure contours 9 
seconds into the earthquake. From Fig.7 looking at the input 
motion, it can be seen that by 9 seconds two large pulses of 
earthquake loading have already occurred. This leads to 
generation of excess pore water pressures at different 
locations. The contours at this instant indicate that excess pore 
pressures are generated below the quay wall, in the foundation 
soil and in the backfill. It must be pointed out that the colour 
scales of the contours are changed between plots. From the 
overlaid deformed mesh in these plots it can be seen that the 
quay wall itself has not suffered much settlement or rotation 
until this stage.  
 
 





















































In the last plot of Fig.8 the pore water pressure contours 45 
seconds into the analysis are plotted. By this point all 
significant shaking has stopped and therefore these pore 
pressures can be considered as the final pore pressures after 
the end of the earthquake. In this figure it can be seen that the 
total pore pressure of about 100 kPa have developed in the 
foundation soil directly underneath the quay wall. Also the 
deformed mesh overlaid on this plot suggests that the quay 
wall by this time has suffered both rotation and settlement. A 
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small heave is also visible in the foundation soil at the toe end 
of the rubble mound. 
 
 
FE ANALYSES OF THE QUAY WALL PROBLEM WITH 
TYRE CHIP ZONE IN THE BACKFILL 
 
As explained before, the same boundary value problem of the 
quay wall was analysed by including a zone of improvement 
in the backfill with tyre chips mixed with soil. The properties 
of the tyre chips-sand mixture were determined by Hazarika et 
al (2005), who will also conduct dynamic centrifuge tests of 
this problem. For the purposes of the FE analyses, the tyre 
chip zone was modeled as Mohr-Coulomb material that will 
have non-associative behaviour as described earlier.  
 
Of the parameters presented in Table 1, the values of the 
Young’s modulus, Work hardening modulus and friction angle 
were changed to reflect the properties of tyre chip material 
determined by Hazarika et al (2005). Same variation of 
modulus with depth as backfill material is assumed. 
 
 
Horizontal displacement of the quay wall 
 
The horizontal displacements at the same nodes as in the case 
of bench mark problem were monitored. These are presented 
in Fig.9 below. Only Kobe type of input motion will be 
considered here. From Fig.9 and comparing this with Fig.3, it 
can be seen that the magnitude of horizontal displacements 
both at the base and top of the quay wall in this case are 
almost the same as the case with no tyre chip improvement. 
As a result the rotation of the wall is also similar to that in the 
bench mark case with no improvement. 
 
 
Fig.9 Horizontal displacements and wall rotation for all 
backfill case – Kobe input motion 
 
 




Vertical settlement of the quay wall and soil 
 
As before the vertical settlement of the quay wall and the soil 
surface on the seaward side and in the backfill were 
monitored. Again only the case of Kobe earthquake motion is 
considered here. Comparing Fig.10 with Fig.4 it can be 
concluded that the vertical settlement suffered by the wall is 
again similar to those in the bench mark problem with no tyre 
chip improvement. Consequently the soil settlement in the 
backfill and the heave at the toe of the rubble mound are also 
almost the same. 
 
For the case of Kobe input motion the horizontal accelerations 
observed within the tyre chip section are presented in Fig.11. 
In this figure it can be seen that the accelerations do suffer 
much amplification as we move from the base of the tyre chip 
zone to the surface. This is reasonable as the prescribed 
damping in the constitute model used in the numerical 
analyses was quite small. Therefore little energy is expected to 
be dissipated between the base and the top of the tyre chip 
section. In future work, this aspect will be improved upon and 
more realistic damping values will be used. 
 
 
Horizontal accelerations in the tyre chip section 
 
The horizontal accelerations were monitored at two nodal 
locations within the tyre chip zone in the backfill (nodes 414 
and 424 as shown in Fig.2). These are presented for the Kobe 
input motion case in Fig.11. The horizontal accelerations at 
both these nodes are almost identical relative to each other, but 
marginally smaller than the input motion applied at the base of 
the model. This suggests a small attenuation of motion before 
the input motion reaches the tyre chip zone.  
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The comparison of the two sets of FE analyses presented 
above suggests that there is not much improvement in the 
performance of the quay wall in the presence of the tyre chip 
zone compared to the bench mark case in terms of horizontal 
displacement and vertical settlement suffered by the quay 
wall. This could be an important result both in itself and in 
terms of its usefulness in designing the future centrifuge 
testing program. For example, the dimensions of the improved 
zone may have to be re-evaluated in the light of these 
analyses. Similarly, some of the constitutive model parameters 
may have to be revisited on the conclusion of the physical 
model tests and having observed the performance of the quay 





The Seismic performance of a gravity type quay wall located 
on a rubble mound was investigated using dynamic finite 
element analyses. Two types of earthquake loading were 
considered. An improvement to the backfill in the form of a 
zone of tyre chips was also investigated. The results of the FE 
analyses under both Kobe type input motion and sinusoidal 
input seem to suggest that the quay wall would suffer both 
settlements and rotation. In addition the quay wall will also 
undergo significant lateral displacement. The pore pressure 
contours at different time instants of the earthquake loading 
were obtained for the case of Kobe earthquake type input 
motion. The sinusoidal type input motion, which had a smaller 
peak magnitude of acceleration, led to smaller lateral 
displacement of the quay wall as well as smaller vertical 
settlements. The FE analyses also seem to suggest that 
inclusion of tyre chip zones in the backfill did not significantly 
alter the performance of the quay wall in terms of the lateral 
displacements suffered or vertical settlements undergone by 
the quay wall. This may be a function of the geometry of 
improvement zone and in future analyses it may be necessary 
to increase the dimensions of the improved zone. Similarly it 
may be necessary to improve the parameters of the 
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